Abstract Quasi-geostrophic mesoscale eddies regularly impinge on the Kuroshio in the western North Pacific, but the processes underlying the evolution of these eddy-Kuroshio interactions have not yet been thoroughly investigated in the literature. Here this interaction is examined with results from a semiidealized three-dimensional numerical model and observations from four pressure-sensor equipped inverted echo sounders (PIESs) in a zonal section east of Taiwan and satellite altimeters. Both the observations and numerical simulations suggest that, during the interaction of a cyclonic eddy with the Kuroshio, the circular eddy is deformed into an elliptic shape with the major axis in the northwest-southeast direction, before being dissipated; the poleward velocity and associated Kuroshio transport decrease and the sea level and pycnocline slopes across the Kuroshio weaken. In contrast, for an anticyclonic eddy during the eddyKuroshio interaction, variations in the velocity, sea level, and isopycnal depth are reversed; the circular eddy is also deformed to an ellipse but with the major axis parallel to the Kuroshio. The model results also demonstrate that the velocity field is modified first and consequently the SSH and isopycnal depth evolve during the interaction. Furthermore, due to the combined effect of impingement latitude and realistic topography, some eddy-Kuroshio interactions east of Taiwan are found to have remote effects, both in the Luzon Strait and on the East China Sea shelf northeast of Taiwan.
Introduction
Most mesoscale eddies in the northwestern Pacific Ocean are generated in a shear zone between the Subtropical Countercurrent (STCC) and North Equatorial Current (NEC), from 188N to 268N, through baroclinic and barotropic instabilities (Gill et al., 1974; Qiu, 1999; Qiu & Chen, 2010; Roemmich & Gilson, 2001) . Once spun-up, these eddies, which carry energy and water mass, propagate westward at a mean translation speed of O(0.1 m s 21 ), with a mean radius of 130 km for cyclonic eddies (CEs) and 120 km for anticyclonic eddies (AEs), and a mean lifespan of about 11 weeks Hwang et al., 2004; Yang et al., 2013) . Some eddies are further strengthened when approaching the North Pacific western boundary (Yang et al., 2013) , where they impinge on the Kuroshio (Andres et al., 2017; Cheng et al., 2017; Jan et al., 2015; Lien et al., 2015; Liu et al., 2012; Ramp et al., 2017; Tsai et al., 2015) , and are ultimately dissipated in the Kuroshio through eddy-Kuroshio interactions (Tsai et al., 2015; Waseda et al., 2002) or, although this is Mesoscale eddies in the North Pacific also contribute to the synoptic to intraseasonal variability in the Kuroshio east of Taiwan, as examined using the observations at the WOCE PCM-1 line Liu et al., 2004; Yang et al., 1999; Zhang et al., 2001) , satellite data analysis combined with numerical model studies Chang & Oey, 2012; Cheng et al., 2017; Hsin et al., 2013; Kuo et al., 2017; Lee et al., 2013; Yan et al., 2016) , and recent ship-based and mooring observations both at the KTV1 line (23.758N) east of Taiwan (Andres et al., 2017; Jan et al., 2015; Tsai et al., 2015) and along a zonal transect off the northeast coast of Luzon (Lien et al., 2015) . Despite a debate between Chang et al. (2015) and Hsin et al. (2013) about the cause of the interannual variability of Kuroshio transport, most of these studies agree qualitatively: a single cyclone or anticyclone decreases or increases the Kuroshio transport, respectively, whereas a pair of eddies (also called ''dipole eddy'') could either strengthen or weaken the Kuroshio, depending on the alignment angle of the two adjacent eddies (Yan et al., 2016) . However, the processes governing the evolution during the interactions of mesoscale eddies with the Kuroshio are rarely discussed in the literature. This is largely due to the lack of comprehensive in situ observations combined with the insufficient spatial and temporal resolution of satellite SSH observations, which have the added limitation of only capturing the surface conditions. Therefore, this study takes advantage of the field observations reported in Tsai et al. (2015) and Andres et al. (2017) , supplemented with satellite observations, to look into the underlying physical processes during Kuroshio-eddy interactions east of Taiwan with the dynamical interpretations guided by output from semi-idealized, process-oriented numerical simulations. Tsai et al. (2015) analyzed the correlations between acoustic travel times measured by four pressuresensor equipped inverted echo sounders (PIESs) at the KTV1 line and satellite sea surface height anomalies (SSHa) east of Taiwan. From the observed linear correlations, they inferred that impinging eddies lead to seesaw-like SSHa and pycnocline depth variations across the Kuroshio. Figure 1 schematically illustrates sea level and isopycnal changes in eddy-Kuroshio interactions hypothesized by Tsai et al. (2015) based on these correlations. Cyclonic eddies weaken sea surface and pycnocline slopes and, in turn, the throughflow transport ( Figure 1a ), whereas anticyclonic eddies enhance these slopes and transport (Figure 1b) across the Kuroshio at the KTV1 line. A key result from Tsai et al. (2015) is that the spatial range of the direct influence of westward propagating eddies does not cross the Kuroshio's maximum velocity core east of Taiwan (thereby resulting in the seesaw pattern in slope variations spanning this core). This finding warrants further validation with a model for two reasons. First, the four PIESs were relatively widely spaced compared to the Kuroshio width. Second, acoustic travel time is only an indirect measure of thermocline (or pycnocline) displacement. Though this proxy has been validated with historical hydrography from the region (Andres et al., 2017) it is valuable to verify it in the framework of the numerical model as well.
The primary goal of this study is to examine the evolutions in the velocity structure, hydrography, and kinetic and available potential energies during interactions of eddies of both signs with the Kuroshio. To the best of our knowledge, this is the first attempt to examine these evolutions using observations and numerical modeling and a key model result is that arrivals of eddies east of Taiwan can have important remote effects, both in the Luzon Strait/South China Sea and on the East China Sea shelf. A threedimensional numerical model with simplified forcing (called semi-idealized model hereafter) is adopted to simulate the impinging of an idealized single eddy of both signs on the Kuroshio in numerical experiments with different parameter settings. Results from the simulations are compared with the hydrographic and velocity profiles deduced from PIES data at the KTV1 line (Andres et al., 2017; Mensah et al., 2016) , and with satellite altimeter-measured SSH distributed by Archiving, Validation, and Interpretation of Satellite Data in Oceanography (AVISO). The kinematic processes during eddy-Kuroshio interactions are the central focus of the analysis of the observations and model results. Section 2 describes the sources of the observational data used in this study. The numerical model is described in section 3 with model parameter settings and associated model-data validation described in Appendix A, and with the setup of an eddy in the model
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using the Rankine Vortex winds included in Appendix B. Results from numerical experiments are described and discussed in sections 4 and 5, followed by a summary in section 6.
Observational Data
An array of PIESs was deployed across the Kuroshio east of Taiwan from November 2012 to October 2014 (Andres et al., 2017; Mensah et al., 2016) . PIESs are deployed on the seabed and measure the hourly surfaceto-bottom round-trip acoustic travel time, which is a function of the time-varying vertical profiles of temperature and salinity. Acoustic travel time (s) data obtained from four PIESs deployed at stations P1, P2, P3, and P4 along the KTV1 line ( Figure 2b ) are used here to examine changes in the hydrographic structure and the Kuroshio transport during eddy-Kuroshio interactions during two periods, from 20 April to 20 June 2013 and from 15 June to 15 August 2014, when eddies were interacting with the Kuroshio. A brief summary of the PIES processing methodology is described here. For further details about PIES data processing, the reader is referred to Tsai et al. (2015) , Mensah et al. (2016) , and Andres et al. (2017) . The PIES raw s data collected at each instrument's depth were converted to acoustic travel time at the reference depth of 800 dbar (s 800 ). These s 800 time series were then mapped onto a 10 km spaced grid, and the daily mapped data at each grid-cell were converted to profiles of temperature and specific volume anomaly through the use of Gravest Empirical Mode (GEM) lookup tables (Meinen & Watts, 2000; Watts et al., 2001) . The velocity shears referenced to 800 dbar were derived from the specific volume anomaly data via the thermal wind relationship. The reference velocity at 800 dbar is time varying and was obtained by calculating the differential of the leveled pressure sensor time series between each instruments (Andres et al., 2017) , which was further used to calculate absolute geostrophic velocity profiles across the current. The 800 dbar reference level is selected to be consistent with that used in Tsai et al. (2015) , which is also approximately the lower bound of the Kuroshio's poleward velocity. Recent works (Andres et al., 2017; Mensah et al., 2016) demonstrate that the PIES data are particularly suitable for studying the Kuroshio, and good agreement is found between results derived from PIES observations and other platforms, such as moored and lowered acoustic Doppler current profilers (ADCPs) and underwater gliders. 
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Fifteen shipboard surveys, conducted aboard R/Vs Ocean Researcher I or V using conductivity-temperature-depth sensors (CTD) and lowered ADCP at eight stations along the KTV1 line, provide hydrography and velocity from the surface to near-bottom in the Kuroshio. Results from the first nine surveys, completed during 16-17 September 2012 , 7-8 November 2012 , 13-15 November 2012 , 25-27 June 2013 , 1-2 October 2013 , 24-25 December 2013 , 8-12 March 2014 , 4-6 July 2014 , and 10-11 September 2014 , have been reported in Jan et al. (2015) . The latter six surveys were conducted during the periods of 8-9 November 2014 , 4-5 March 2015 , 10-11 June 2015 , 6-7 September 2015 , 6-7 November 2015 June to 1 July 2016. The shipboard instruments are described in Jan et al. (2015) . The ship survey data were processed following the procedures detailed in Jan et al. (2015) . The averaged velocity and hydrography obtained from the 15 ship surveys are used here to validate the model results.
The 0.258 gridded, delayed-time satellite sea surface height (SSH) data that merge measurements from all available satellites were downloaded from AVISO via Ssalto/Duacs (http://www.aviso.oceanobs.com/en/data/ products.html) to detect mesoscale eddies and to compare with model results. The geostrophic currents derived from SSH are also used to validate the modeled flow field during eddy-Kuroshio interactions.
Numerical Model
A three-dimensional numerical model developed from the Princeton Ocean Model (POM) (Blumberg & Mellor, 1987 ) was adopted to examine variations in the hydrographic and velocity field when mesoscale eddies impinge on the Kuroshio east of Taiwan. The POM is a nonlinear, primitive equation model with Boussinesq and hydrostatic approximations. The governing equations are described in, e.g., Blumberg and Mellor (1987) and are therefore not shown here.
The model domain is bounded by the 1108E and 1358W meridians, and by the 58N and 408N parallels, covering the majority of the subtropical North Pacific Ocean (Figure 2 ). The grid spacing is 0.18 (10 km at 248N) west of 1508E and 0.28 east of 1508E in the zonal direction, and is 0.18 (11 km) in the meridional direction. The grid resolution is sufficient to resolve both the width of the Kuroshio, which varies in the observations from 85 to 135 km , and the mesoscale eddies which are observed to have radii of 120-250 km (Cheng et al., 2017; Tsai et al., 2015; Yang et al., 2013) . The vertical axis of the model is the r-coordinate (Blumberg & Mellor, 1987) . There are 32 layers of uneven thickness in the vertical (see Appendix A). For a water depth of 4,000 m, for example, the layer thickness is 9-18 m in the upper 109 m, and 18 m from 109 to 364 m, which is sufficient to resolve eddy-induced vertical displacements of the pycnocline in the Kuroshio. The construction of the model topography, parameters used in the model, and validations of model-simulated hydrography and circulation are reported in Appendix A. Note that the model does not assimilate observational data to retain the dynamics of the model as much as possible. Since the numerical simulation here is semi-idealized rather than realistic, further fine tuning of the model to fit the observations is not warranted. The modeled circulation at the end of year 5 was used as the initial field for our numerical experiments.
To produce a freely propagating eddy in the model, cyclonic (anticyclonic) wind stresses generated using the Rankine Vortex theory described in Holland (1980) were superimposed on the background winds and then applied to the sea surface to produce a cyclonic (anticyclonic) eddy in the ocean. The calculation of the Rankine Vortex winds and how the winds are applied to the model are described in Appendix B.
In addition to the three-dimensional hydrography and velocity fields, the model also simulated PIES observations at P1, P2, P3, and P4. The sound speed in the modeled hydrographic field was calculated using the formula delineated in Fofonoff and Millard (1983) , which is a function of temperature, salinity, and pressure. Acoustic travel times referenced to 800 dbar at the four PIES stations were thereby derived from the sound speed, which were stored for comparison with the observed travel times.
To achieve the objective of this study, six numerical experiments with different settings of the initial location, strength, and polarity of the eddy were performed. Each experiment simulated the impingement on the Kuroshio of a westward propagating eddy generated at 1308E. The distance from the initial longitude of an eddy center to the offshore edge of the Kuroshio, which is 6-7 times of the eddy's mean radius 110 km, is long enough to ensure a free propagation of the model-produced eddy. The initial latitude of an eddy center was chosen in accordance with the impinging latitude, which is defined as the latitude where the western edge of an eddy encounters the offshore side of the Kuroshio. Table 1 lists the parameter settings for the six experiments. Experiments CE1 and AE1 represent interactions of the Kuroshio with a relatively strong cyclonic and anticyclonic eddy, respectively. The impinging latitude was approximately 21.58N for CE1 and AE1. The Rankine Vortex winds for generating CE2 and AE2 were decreased, and thus the modeled eddies were weaker than CE1 and AE1. CE3 and AE3 are similar to CE1 and AE1, but the impinging latitude of the two eddies is 18 further north than that of CE1 and AE1. Results from the numerical experiments are shown and discussed below.
Results
The dependence of eddy-evolution and eddy-Kuroshio interactions on the eddy strength and impinging latitudes are examined. A representative cyclonic and an anticyclonic eddy, which are identified from AVISO SSH and are relatively ''clean'' in comparison with the other eddies during the PIES observations, impinged on the Kuroshio during 20 April to 20 June 2013 and 15 June to 15 August 2014, respectively. Since the f/f ratios of the two eddies (approximately 0.190 and 20.238 ) are within the range of f/f ratio of the modeled eddies, they are chosen here to compare with the model results. Because of the lower temporal and spatial resolution of AVISO SSH compared to that of the model, only four periods during each of the eddy-Kuroshio interactions were selected to represent different stages of the evolution (Figure 3 ).
Deformation of the Eddy Shape and Change in Kuroshio Transport
To examine the model results during different stages of an eddy-Kuroshio interaction, Figure 4a shows snapshots of the simulated temperature and velocity at 50 m depth for CE1. The western edge of CE1 impinges on the Kuroshio's eastern flank at 21.58N (day 50). The eddy shape remains circular and the maximum velocity is 0.5 m s 21 on day 50. On day 60, the eddy deforms from a circular to an elliptic shape and the southward flow of the eddy and poleward-flowing Kuroshio encounter each other. The eddy continues to deform and part of its outer flows split to the south of the Ryukyu Islands. On day 65, the ellipse is further stretched in the north-northwest and south-southeast directions. The northern part of the stretched CE1 attaches to the Kuroshio and is advected by the Kuroshio through the passage between Taiwan and Ishigaki Island on day 70. The eddy is weakened and cold water in the eddy core is absorbed by the Kuroshio and gradually loses its character. The eddy continues to be destroyed, and a small cold water patch with a diameter 100 km appears off the northeast coast of Taiwan on day 80. The hydrographic and velocity structure of the eddy are eventually dissipated after day 90. Thereafter, the upstream Kuroshio recovers to its ''original'' state. The duration of the eddy-Kuroshio interaction is 40 days. Similar to time evolution of the temperature and velocity in Figure 4a , the cyclonic eddy's characteristic low sea level center and positive f/f ( Figure 4b ) undergo a process of encountering, deforming, elongating, and dissipating the eddy's features. Figure 4 also demonstrates that the eddy CE1 seems to trigger a Kuroshio intrusion into the northern South China Sea forming a pronounced anticyclonic loop current in the Luzon Strait roughly from day 60 to 90. The formation of this anticyclonic loop is attributed to a remote effect of a cyclonic eddy on the Kuroshio in the Luzon Strait. The evolution during the CE1-Kuroshio interaction is consistent with, but more detailed than, the interactions demonstrated in Kuo and Chern (2011) and Kuo et al. (2017) . The results reported in Chern and Wang (2005), Kuo and Chern (2011) , and Kuo et al. (2017) were indeed produced by a reduced- Note. P c is center pressure of the Rankine Vortex wind; dP c is the pressure drop in the vortex wind center; R max is the radius of maximum wind; Mean f/ f is the spatially averaged ratio of relative vorticity (f) to planetary vorticity (f) in the eddy with a radius of 75 km on day 45. Relative vorticity f was derived from the velocity at 50 m depth. Figures 5a and 5b show the evolution of temperature, velocity, and f/f at 50 m depth and sea level at different stages when the anticyclonic eddy AE1 impinges on the Kuroshio. The absolute value of f/f is also a measure of the Rossby number. AE1 encounters the Kuroshio at 21.58N and is deformed to an elliptic shape with the major axis parallel to the maximum velocity axis of the Kuroshio during the early stages of the interaction (days 50, 60, and 65). As time progresses, the Kuroshio starts to envelop the eddy, leading to the acceleration of the poleward current off the northeast coast of Taiwan (e.g., day 70 in Figure 5a ). The eddy further merges with the Kuroshio downstream along the shelf break in the East China Sea after day 90.
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Next these modeled evolutions of eddies CE1 and AE1 are compared with satellite altimeter observations of a cyclonic and anticyclonic eddy, respectively, that are identified from AVISO SSH and the SSH gradientderived geostrophic currents ( Figure 3 ). Note again that the comparison is qualitative because of the idealized nature of our model runs and the low temporal and spatial resolution of altimetry. During a composite Figure  4a ). This eddy then experiences dissipation and distortion of its shape over the following 20 days. During the interaction, the Kuroshio velocity inferred from the mapped SSH decreases and the current is not as tightly constrained to the east coast of Taiwan. An anticyclonic eddy, marked by white ''1'' at its center in Figure 3b , encounters the Kuroshio during 23-29 June 2014. The major axis of this elliptic-shape eddy becomes rotated to the direction of the Kuroshio's maximum velocity axis during 8-14 July 2014 (corresponding to day 70 in Figure 5a ). The Kuroshio is strengthened during 3-9 July 2014 and 8-14 July 2014. It should be noted that, in Figure 3 , low or high SSH features and the associated eddies are complicated due to multiple arrivals of dipole eddies aligned either in the zonal or meridional directions and, in some cases, even tripole eddies. Regardless of this complexity in the realistic ocean, the model captures the essential features apparent in the satellite SSH field and the associated geostrophic flows. The numerical simulation provides a relatively clean environment for isolating the processes involved in individual eddy-Kuroshio interactions and examining them in more detail than is possible with the surface data from satellites. (2016) and Andres et al. (2017) . Figure 6 shows observed and modeled volume transport (top plots) and acoustic travel time (lower panels) from model day 30 to 120. Not surprisingly, the transport in the 23.78N section decreases (increases) when a single cyclonic (anticyclonic) eddy impinges on the Kuroshio in both the model runs and observations. This consistency in the modeled and observed Kuroshio transport variability at the fixed KTV1 section, 220 Sv (1 Sv 5 10 6 m 3 s 21 ) during the impingement of cyclones and 15 Sv during anticyclones, lends further support to our use of the model as an analysis tool to examine the evolution of hydrography and velocity structure during eddyKuroshio interactions east of Taiwan.
As a final comparison between model and observations, acoustic travel times (which are a proxy for isopycnal displacements) are considered. Model-simulated acoustic travel times referenced to 800 dbar at the four PIES stations (bottom plots in Figure 6 ) suggest that the water column temperature decreases and the travel time increases, particularly at stations P3 and P4 when CE1 impinges on the offshore side of the Kuroshio. In contrast, variations in temperature and the associated travel time are reversed during the AE1-Kuroshio interaction. The variations in the acoustic travel time and throughflow transport in the 23.78N section are consistent with the hypothesized process of eddy-Kuroshio interaction of Tsai et al. (2015) shown schematically in Figure 1 .
With the good correspondence established between modeled and observation-inferred SSH signals, transport variations, and isotherm displacements, we next use the model to examine details of the evolution of eddy-Kuroshio interactions.
Variations in the Sea Level and Isopycnal Depth
Associated with the eddies shown in Figures 4 and 5 , the vertical structures of hydrography and velocity along a section approximately across the eddy center on simulation days 50, 60, 70, and 80 are illustrated in Figures 7 and 8 for CE1 and AE1, respectively. Changes in sea level and isopycnal depths lead to seesaw-like patterns across the Kuroshio, consistent with those suggested by the observations reported in Tsai et al. (2015) . The sea level deepens (heaves) and pycnocline heaves (deepens) on the offshore (onshore) side of the Kuroshio when the eddy CE1 encounters the Kuroshio (Figures 7b and 7c) . The vertical movement of sea level and isopycnal is reversed when AE1 impinges on the Kuroshio (Figures 8b and 8c ).
The eddy's velocity and the associated vertical displacements of isotherms/isopycnals extend to 800-1,000 m as CE1's western edge encounters the Kuroshio. The southward velocity in the western half of CE1 (Figures 7c and 7d) . The northward velocity profiles show two velocity maximum cores in the Kuroshio (Figures 6b and 6c) , which is consistent with some of the ship observations shown in Jan et al. (2015) and discussed in a dynamic framework in Yang et al. (2015) . At the section at 23.78N (KTV1 line), the westward velocity becomes sizable in the upper 300 m east of the Kuroshio (Figure 7c ) due to the northnorthwestward elongation of CE1 when the eastern half of CE1 approaches the offshore Kuroshio on day 70 (Figure 4a) . Meanwhile, the zonal velocity below 300 m is opposite to that in the upper 300 m. This westward velocity in the upper 300 m weakens quickly when the eddy is engulfed by the Kuroshio (Figure 7d ).
During the impingement of AE1 onto the Kuroshio, the northward velocity in the western half of AE1 is strengthened in the early stages of the interaction (Figure 8b ). As the AE1-Kuroshio interaction proceeds, the northward velocity in AE1's western half merges with the Kuroshio, leading to a faster and wider ''Kuroshio'' adjacent to the east coast of Taiwan (Figures 8c and 8d ). The zonal velocity shows considerable confluence in the upper 300 m at 122.58E (cf. Figure 8c with day 70 in Figure 5a ).
Discussion
The physical factors that determine the changes of hydrography and transport in the Kuroshio when mesoscale eddies impinge upon it comprise the polarity, spatial scale, nonlinearity, impinging location of the eddy, and even the alignment and arrival sequence of dipole eddies (e.g., Yan et al., 2016) . It is emphasized that the present study is designated to examine the effects only of an eddy's strength and impinging To quantify eddy strength, the eddy kinetic energy (KE e ) and available potential energy (APE) were calculated. The KE e was calculated as:
where the velocity components of the eddy field (u e , v e , w e ) are obtained by subtracting the concurrent velocity field of a similar model run, without eddy influence (u * no ) from the velocity of each numerical experiment (u * ), i.e., u * e ðx; y; z; tÞ5u * ðx; y; z; tÞ2u * no ðx; y; z; tÞ. The APE was calculated as:
where g is the gravitational acceleration, q 0 is the perturbation density obtained by q 0 ðx; y; z; tÞ5qðx; y; z; tÞ 2q no ðx; y; z; tÞ (q no is the density in the model run without eddy influence), and N is the buoyancy frequency obtained from N 2 52 g q 0 @q @z . To calculate the total energy in an eddy, KE e and APE were integrated from 800 m to the surface in the vertical, and over the eddy area in the horizontal. The boundary for the horizontal integration in the eddy was set to be where the relative vorticity changes sign from that of the eddy. Figures 9 and 10 demonstrate depth-integrated KE e and APE for cyclonic and anticyclonic eddies, respectively, on day 65 when these eddies begin to encounter the offshore side of the Kuroshio. The volume-integrated KE e and APE for each experiment on day 45 and 65 are listed in Table 2 . The energy on day 45 is regarded as the ''incident'' condition before the eddy ''hits'' the Kuroshio. The evolutions of the KE e 
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and APE shown in Figures 9 and 10 are the basis for the discussion of the influences of an eddy's strength and impinging latitude on the eddy-Kuroshio interaction.
Influence of Eddy Strength
The KE e and APE in the modeled eddies are of the same order, 10 15 J (Table 2) , as those of mesoscale eddies in the Subtropical Countercurrent estimated by Ramp et al. (2017) . The total energy of the weaker eddy CE2 (which is also smaller in diameter than CE1) is 34.2% of that of CE1 on day 45 ( Table 2 ). The interaction of CE2 and the Kuroshio is delayed by about 10 days compared with the interaction of CE1 and the Kuroshio, due to the smaller size of both the velocity structure and effective energy area of CE2 compared to CE1 (Figure 9 ). Despite this difference, the evolution of the eddy's shape is qualitatively consistent with that of CE1, as demonstrated in Figure 4a. This weak eddy is elongated meridionally by the Kuroshio east of Taiwan; the eastern half of the eddy is merged into the Kuroshio through the channel between the northeast coast of Taiwan and Ishigaki Island, and is thereafter absorbed and dissipated in the Kuroshio in the southern East China Sea. The APE/KE e ratio for the strong eddy CE1 on days 45 and 65 remains similar over time (3.40 versus 3.10 in Table 2 ), but for the weak eddy CE2 this ratio increases from 2.78 on day 45 to 4.31 on day 65. The latter result suggests that KE e decreases faster than APE from day 45 to the early stage of the eddy-Kuroshio interaction (265.5% versus 246.4%).
For a weaker anticyclonic eddy AE2 with only 20.4% of the total energy of AE1 on day 45 (Table 2) , the eddy's velocity structure and energy decay more quickly than AE1 does (Figure 10 ) after encountering the offshore Kuroshio at a similar impinging latitude to that of AE1. The KE e /APE ratio is 1.61 (day 45) and 2.16 (day 65) for AE1 and 1.76 (day 45) and 3.08 (day 65) for AE2. Similar to the decay of CE2, the KE e of AE2 decreases more rapidly (262.4%) than the APE decreases (234.4%). In terms of energetics (Figure 10 ), the interaction of the Kuroshio with AE2 is much weaker than with AE1. Figure 11 shows temperature, velocity, sea level, and f/f ratio at 50 m depth for CE3 on days 70, 80, and 90. The evolution of the cyclonic eddy CE3, which is similar to CE1 in strength but impinges on the Kuroshio 18 further north than does CE1, differs considerably from the velocity and vorticity evolutions in CE1 (cf. Figure 4) . Changes in CE3, particularly during the latter half of the eddy-Kuroshio interaction period (i.e., after day 70), show that CE3 is split by Ishigaki Island as it is dragged by the Kuroshio to the north (day 70 and 80 in Figure 11 ). The northwestern half of the eddy is absorbed by the Kuroshio through the channel between Taiwan and Ishigaki Island, leading to a pronounced Kuroshio intrusion onto the continental shelf in the southern East China Sea (e.g., day 80 in Figures 4a and 11a) , compared with the remote effect caused by anticyclonic eddies here. This type of Kuroshio intrusion, which occurs in both CE1 and CE3, has been observed by drifters and reported in V elez-Belch ı et al. (2013) . Importantly, the present study finds the dynamic link between the Kuroshio intrusion northeast of Taiwan and the impingement of cyclonic eddies east of Taiwan. The relationship between the Kuroshio intrusion onto the East China Sea shelf and the polarity of the impinging eddy observed from our model results is consistent with the results deduced from the laboratory experiments reported in Andres and Cenedese (2013) . Their laboratory experiments suggest that the impinging cyclones rather than Figure 10 . Same as Figure 9 but for the eddies AE1, AE2, and AE3.
Influence of Impinging Latitude
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anticyclones seem to force the on shelf flow along an island, which is analogous to the pattern of the intrusion flow off northeastern Taiwan. The southeastern half of the eddy, on the other hand, retains its relative vorticity signature as it drifts northeastward along the southeastern side of the Ryukyu Islands, which could affect the variation in the Ryukyu Current as that reported in Yuan et al. (1998) . Because the impinging latitude of CE3 is closer to 23.78N than is CE1's impinging latitude, the Kuroshio transport through 23.78N is affected by CE3 about 15 days earlier than by CE1 (Figure 6a) . Table 2 suggests that the APE/KE e ratio increases from 3.52 on day 45 to 4.39 on day 65; the total energy decreases by 39.7% from day 45 to 65, which is larger than the decrease for CE1 (34.9%).
The evolution of velocity, hydrography, and energy in AE3 differs from that of AE1 shown in Figures 5 and 10 and Table 2 primarily during the early half of the eddy-Kuroshio interaction, i.e., during days 50-70. Figure 12 further depicts the hydrography, sea level, and f/f ratio at 50 m for AE3 on day 50, 60, and 65. Comparing Figures 5a and 12a, AE1 is deformed from a circular to an elliptical shape, with the major axis oriented along the Kuroshio axis, particularly on day 65; while AE3 is slightly deformed to an elliptical shape with the major axis in the zonal direction on day 50, but returns to a circular shape between day 60 and 80. This difference is easily seen in changes in eddy's relative vorticity in Figures 5b and 12b , and in depth-integrated KE e and APE in Figure 10 . The total energy decrease from day 45 to 65 in AE1 is 259.9%, which is larger than that in AE3 (226.8%). Presumably, the Luzon Strait and the Ryukyu Islands contribute to the difference in the evolution of AE1 and AE3. As AE1 encounters the Kuroshio, westward flows in the southern edge of the eddy push the Kuroshio to form an anticyclonic loop in the Luzon Strait, as the northwestern half of a cyclonic eddy that Figure 11 . Results of the simulated eddy CE3 at 50 m: (a) temperature (colored) and velocity (arrows) and (b) sea level (contours) and f/f ratio on day 70, 80, and 90. Symbol ''3'' marks the initial center location of the eddy.
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approaches the offshore side of the Kuroshio does (Figure 4 ). This type of anticyclonic eddy-induced Kuroshio intrusion is consistent with the AVISO SSH and the associated absolute geostrophic current shown in the Figure 1 in Kuo et al. (2017) . Concurrently, the western edge of AE1 is driven by the offshore edge of the Kuroshio for a long distance and time from the east of Luzon Strait to the southern boundary of the Ryukyu Islands, which elongates the eddy in the meridional direction. During the evolution of AE3, the Ryukyu Islands behave as a barrier confining the northward movement of the eddy when encountering the Kuroshio. The eddy shape is therefore distorted. The southern edge of the eddy is entrained by the Kuroshio, and the westward eddy flows are partially blocked by the southeast coast of Taiwan as the eddy-Kuroshio interaction evolves, which deforms the eddy to return to a circular shape. A portion of westward flows in the southern edge of the eddy still push the Kuroshio axis westward to loop across the Luzon Strait.
Kinematics during the Eddy-Kuroshio Interaction
The analysis of the physical processes during the evolution of the eddy-Kuroshio is the primary objective of this study. The physical quantities such as velocities, pycnocline depths, relative vorticity, and kinetic energy obtained from the model results in the 23.78N section were divided by their maximum absolute value in the spatial range from 121.78E to 1268E, and temporal range from day 40 (50) to 100 (110) for cyclonic (anticyclonic) eddies. This calculation yields nondimensional (or ''normalized'') ratios which are compared with the corresponding values obtained from the satellite and concurrent PIES observations of the two eddies shown in Figure 3 . Note that the velocity derived from the PIES data is only the meridional component. Anomalies of these physical quantities in the observations were obtained by subtracting the time mean of the data from the raw observations during the observational period. In the modeled field during the period qualitatively the same as the period of the satellite/PIES observations of the two eddies, anomalies of these physical quantities were obtained by subtracting the modeled field without eddy from that with the eddy influence. We used the results derived from the modeled eddies CE1 and AE1 for validation of the model through comparison with the results calculated from the satellite/PIES observations, because the evolution of these two eddies during the eddy-Kuroshio interaction is more consistent with the observations than are Figure 13a ) at the KTV1 line (23.758N), and modeled eddy CE1 at 23.78N (Figure 13b ) during the eddy-Kuroshio interaction. The normalized AVISO SSHa in Figure 13a shows a westward propagation of positive SSHa before the arrival of the maximum negative SSHa (indicative of a cyclonic eddy), which reached 1238E on day 15. After about 30 days under the influence of this cyclonic eddy in the section, an anticyclonic eddy with positive SSHa impinged on the Kuroshio on approximately day 45, suggesting the complicated interaction between the Kuroshio and multiple eddies of both signs in the real ocean east of Taiwan. Despite the complexity, the observations and model comparison is focused on day 10-45 ( Figure 13a ), which qualitatively corresponds to model day 50-85 ( Figure 13b ). As the cyclonic eddy approached 1238E (Figure 13a) , the upper 400 m depth-integrated poleward velocity V 400 began to decrease (n V 0 400 < 0 in Figure 13a ) and the negative poleward velocity anomaly V is presumably due to the eastward flow in the southern edge of the eddy, and the reflection that occurred as the westward-propagating eddy influence hits the east coast of Taiwan. The volume transport anomaly Q 0 (calculated with the limit of poleward velocity v 0.2 m s 21 in the upper 800 m) and the upper 400 m Figure 13b ) agree with the observations (right plot in Figure 13a ). Summarizing, both observations and the numerical simulation suggest that, when a cyclonic eddy impinges on the Kuroshio, U 0 400 is likely affected first, followed subsequently by V (Figure 14b ), which are consistent with the variation in the AVISO SSHa (Figure 14a ).
Similar to the CE1-Kuroshio interaction, the sequence for the changes in the hydrography and velocity during the AE1-Kuroshio interaction is velocity, SSH, and hydrographic field. The evolution suggests that the increase (decrease) of poleward velocity strengthens (weakens) the SSH and pycnocline slopes across the Kuroshio under the constraint of geostrophic balance; the subsequent approach of the eddy center to the offshore edge of the Kuroshio enhances the seesaw-like variation in both the SSH and pycnocline slopes and results in the change of the Kuroshio transport.
Summary
Using PIES and satellite observations interpreted in the context of semi-idealized numerical simulations, this study examined the evolution of interactions of quasi-geostrophic, mesoscale eddies, and the Kuroshio. When an eddy of either sign impinges on the Kuroshio within latitudes 21.58N-22.58N east of Taiwan, changes in the velocity and volume transport in the Kuroshio at 23.78N (KTV1 section) occur first, followed by opposite vertical displacements in the SSH and isopycnal, primarily on the offshore side of the Kuroshio. This, in turn, leads to seesaw-like variations in the SSH and isopycnal slopes across the Kuroshio. The analysis based on both PIES observations and numerical experiments of this study validates the processes hypothetized by Tsai et al. (2015) and illustrated in Figure 1 . During the eddy-Kuroshio interaction, both cyclonic and anticyclonic eddies are deformed from circular to elliptical shape; the major axis of the ellipse is in the northeast and southwest directions for cyclones and parallel to the maximum velocity axis of the Kuroshio for anticyclones. The eddies are eventually dissipated and absorbed by the Kuroshio along the continental shelf break in the East China Sea, or partly split to the southeast of the Ryukyu Islands, depending on the impinging latitude, eddy strength and size, and dissipated eventually as well.
The model results also demonstrate the influence of the Luzon Strait, the Ryukyu Islands, and the east coast of Taiwan on the fate of eddies that impinge on the Kuroshio at different latitudes, through processes which are not resolved by Chern and Wang (2005) and Kuo and Chern (2011) due to the lack of realistic topography and the setting of oversimplified western boundary in their model. When a cyclonic eddy encounters the Kuroshio north of 22.58N, the southwestern end of the Ryukyu Islands splits the eddy to be partly absorbed by the Kuroshio off northeastern Taiwan, and partly separated to become a small, isolated cyclonic eddy south of Ishigaki Island. The former process triggers the Kuroshio intrusion into the southern East China Sea, which explains the dynamics for the Kuroshio intrusion flow observed by drifters off northeastern Taiwan (V elez-Belch ı et al., 2013). The latter process seems to modify the Ryukyu Current off the southeastern coast of the Ryukyu Islands (Yuan et al., 1998) . It is also noticed that, when the western edge of a strong cyclonic eddy approaches the offshore side of the Kuroshio, a westward intrusion of the Kuroshio is induced in the Luzon Strait forming a remarkable loop current in the northeastern South China Sea. When a strong anticyclonic eddy encounters the Kuroshio south of 22.58N, the onshore flow in the southern half of the eddy pushes the Kuroshio to the west in the Luzon Strait, causing an anticyclonic loop current in the northeastern South China Sea, similar to that induced by a cyclonic eddy. The swift poleward Kuroshio current drives this anticyclonic eddy to become elliptical along the east coast of Taiwan. Whereas for an anticyclonic eddy impinging on the Kuroshio at more northern latitudes, the Ryukyu Islands serve as a waveguide dictating that the eddy propagates toward the east coast of Taiwan (Cheng et al., 2017; Ramp et al., 2017) and, on the other hand, as a barrier restricting the northward movement of the eddy, and therefore the circular eddy is squeezed meridionally to become an elliptic shape with its major axis in the zonal direction. Under this circumstance of the Journal of Geophysical Research: Oceans 10.1002/2017JC013476 impinging latitude and eddy size, the Kuroshio in the Luzon Strait is less affected by the westward currents in the southern half of the eddy.
Appendix A: Model Configuration and Validation
The model has 32 layers in the vertical r-coordinate. The center of each layer in the is designated at 20. 001, 20.003, 20.006, 20.008, 20.011, 20.016, 20.020, 20.025, 20.030, 20.034, 20.039, 20.043, 20.048, 20.052, 20.057, 20.061, 20.066, 20.070, 20.075, 20.080, 20.084, 20.089, 20.097, 20.108, 20.125, 20.148, 20.182, 20.261, 20.375, 20.489, 20.659, and 20.886 from the top to the bottom layers. The model topography was constructed using the 2-minute Gridded Global Relief Data (ETOPO2v2, available at http://www.ngdc.noaa.gov/mgg/global/etopo2.html) blended with 1,000 m grid-resolution bathymetric data provided by the Ocean Data Bank of the Ministry of Science and Technology, Taiwan, in the region west of 1508E. The model topography was flat at 6,000 m for depths greater than 6,000 m. This leveling of model topography does not affect the simulated currents in the upper 2,000 m.
The model was initially at rest with an idealized temperature profile given by T(z) 5 2 1 25 exp(z/1,000). The salinity was constant (34.5) throughout the simulation. The model was spun-up by applying a zonally homogeneous, meridionally varied wind stress, calculated by s w (y) 5 2s w0 cos(p(y 2 5)/35) (where y is latitude and s w0 5 0.15 N m 22 is the maximum amplitude of wind stresses) at the sea surface to drive the ocean circulation. The magnitude and meridional variation of the wind stress are consistent with that of the zonally averaged zonal wind stress shown in Figure 3 in Marshall et al. (2007) and Figure 1b in Hu et al. (2015) . Furthermore, based on the estimate of Marshall et al. (2007) , an idealized, meridionally varied net heat flux, determined using Q H (y) 5 Q H0 cos(p(y 2 5)/35) (where Q H0 5 50 W m 22 is the maximum magnitude of heat flux) was applied at the sea surface as the boundary condition. The model was spun-up for 5 years, and the domain-averaged kinetic energy reached a quasi steady state after about 3 years of integration.
Figure Figure A1 shows modeled currents and temperatures at 50 m depth and sea surface height in the western North Pacific after 5 years of integration. The characteristics of the model-simulated circulation in the western North Pacific ( Figure Figure A1a ), such as the bifurcation of the North Equatorial Current at 128N (Qiu and Chen, 2010) and the Kuroshio's pathway from the east of the Philippines to the south of Japan, agree with the mean velocity and hydrographic features obtained from drifter observations (Centurioni et al., 2004) , ship-based measurements (e.g., Liang et al., 2003; Rudnick et al., 2011) , and other modeling works (Shen et al., 2014, among others) . Modeled temperature, meridional velocity (v), and density (r t ) in a zonal section at 23.78N are compared with the mean temperature, v, and r t calculated from the ship surveys of the 15 cruises at the KTV1 line shown in Figures Figure A1b and Figure A1c . Despite the deviation of the modeled temperature profile from the observations, due to the use of the semi-idealized settings in the model, the isotherm/isopycnal slope across the Kuroshio captures the essential features of the observed mean temperature profile ( Figure Figure A1b ). The modeled Kuroshio transport of 26.5 Sv (1 Sv 5 10 6 m 3 s 21 ) through the 23.78N section, integrated from 800 m to the surface and from 121.78E to 1238E over the region where v 0.2 m s 21 , is reasonable compared with the observed Kuroshio transport of 21.5 6 10 Sv at the WOCE PCM-1 section ).
Appendix B: The Setting of the Rankine Vortex Winds
The Rankine Vortex winds, similar to those used in Tsai et al. (2008 Tsai et al. ( , 2013 , are described by (Holland, 1980) , where V w is the orbital wind speed, r is the distance to the vortex wind center, f is the Coriolis parameter, q 0 is air density, and p is pressure. The pressure field of the vortex wind was calculated using pðrÞ5P c 1ðP n 2P c Þexp ð2R max =rÞ (Schloemer, 1954) , where P c is the center pressure of the vortex wind field, R max is the radius of maximum wind, and P n is the environmental pressure. The size and strength of the eddy were controlled by the duration, central pressure drop, and radius of maximum wind in the Rankine Vortex winds. To quantify model-produced eddies, the Rankine Vortex winds were applied to a model run with no ambient flows, but only an idealized temperature stratification as described previously in this section. A 3 day cyclonic wind field produced by, e.g., R max 5 100 km and P c 5 960 hPa generates a cyclonic eddy with a radial distance from the eddy center to maximum orbital velocity 100 km ( Figure Figure B1a) , maximum relative vorticity (f) 0.3f ( Figure Figure B1b) , and maximum orbital velocity 0.5 m s 21 at 50 m depth in the model ( Figure Figure B1a ). The inset in Figure Fig- ure B1a shows the vertical structure of temperature and northward velocity in a zonal transect across the cyclonic eddy (black dashed line in Figure Figure B1a ) on day 10. The temperature drop in the eddy center is 1.5-28C in the upper 300 m, and the velocity decreases from 0.5 m s 21 near the surface to 0.1 m s
21
at approximately 800 m. The isotherm vertical displacement ranges from 100 to 150 m in the upper 300 m to 50 m at 800 m. The modeled eddy is asymmetric in both its horizontal and vertical hydrographic structures. The orbital velocity and radial gradient of SSH is stronger in the eastern than in the Figure B1 . Hydrography and velocity of a cyclonic eddy generated by the Rankine Vortex wind stresses with a center pressure drop of 48 hPa, and a radius of maximum wind of 100 km. The wind stresses were applied at the sea surface for 3 days. 
